The electronic functionality of thin films is governed by their interfaces. This is very important for the ferroelectric (FE) state which depends on thin-film clamping and interfacial charge transfer.
I. INTRODUCTION
It is thin films and, in particular, their interfaces that define the electronic functionality of devices. This is an established fact in inorganic semiconductors as has been demonstrated for oxides in recent years [1] . The ferroelectric (FE) state provides important functionality in this regard, since the ability to switch the electric polarization by an electric field is the basic property needed in ferroelectric random access memories or field effect transistors [2] . The paraelectric (PE) to FE phase transition at the Curie temperature T C is equally important in basic research, since it is one of the most representative phase transitions in solids. One highly relevant issue is the character of the PE-FE transition when it is tuned to 0 K, i.e. towards a possible quantum critical point. In this case the phase transition is driven by quantum fluctuations instead of thermal fluctuations with important consequences for the electronic behavior even at elevated temperatures [3] . As a second important issue we mention the fact that the electric polarization can only be correctly represented on the basis of the quantum mechanical Berry phase concept which allows for the calculation of the displacement current under changes of the electronic wave functions taking place as the PE-FE phase boundary is crossed [4] .
For both, applied and basic research, the ability to tune the PE-FE transition to a large degree is very attractive. How can this tuning be accomplished? Two mechanisms are particularly suitable for thin film structures, namely clamping effects and interfacial charge transfer. Clamping effects occur, if a thin film strongly adheres to a bulk substrate and follows its elastic response, e.g., thermal expansion effects in the consequence of temperature changes. Interfacial charge transfer is governed by the interfacial electronic states which form when the thin film is deposited on a substrate surface or as part of a multi-component heterostructure. Organic FE from the class of charge transfer systems (CTS) are ideal model systems in this regard, since their reaction to clamping effects and charge transfer over the interface is particularly strongly pronounced [5] [6] [7] [8] . This is so because their thermal expansion coefficients are about an order of magnitude larger than those of oxides [9] and their FE properties are governed by intermolecular charge transfer between a donor and an acceptor molecule rather than simple displacement of static point charges on the molecules.
This gives rise to an electronic FE polarization which is much stronger than it would be expected for a simple displacive type FE state [10] . At the same time they are multiferroics, since with the onset of FE also a one-dimensional antiferromagnetic state is formed [11] .
An important question in analyzing the FE state in organic CTS is: How can the influence of clamping and charge transfer be monitored, ideally in a way that does not interfere with the FE state itself? This is the starting point of the work presented here. We introduce a novel concept for monitoring the FE state in thin films with large sensitivity to the near-interface region. We show that strong modulations in the Coulomb charging energy in a nano-granular metal occur, if this is in close proximity to a FE thin film. These modulations lead to easily detectable changes in the electrical conductance which thus becomes a minimally invasive probe of the FE state, its temperature and electric field dependence, as well as its dynamic properties.
We demonstrate the monitoring effect for a bilayer thin film structure (see schematic in 4) consisting of the organic ferroelectric [tetrathiafulvalene] +δ [p-chloranil] −δ (TTF-CA) and a Pt-based nano-granular metal (Pt(C)) prepared by focused electron beam induced deposition (FEBID). TTF-CA is an organic CTS that shows a valence instability, also called neutral-ionic phase transition, at 81 K which drives the system from a PE to a FE state [12] . It consists of one-dimensional, mixed stacks of the donor (D), TTF, and the acceptor (A), CA. The degree of charge transfer δ is about 0.2 from D to A in the PE phase and increases by a first order phase transition to about 0.7 in the FE state. With the PE-FE phase transition a dimerization of the D/A-pairs is associated (see also 1) leading to a multiferroic ground state in which, in addition to the FE state, a one-dimensional dimerized antiferromagnetic spin S = 1/2-state with an exchange integral of the order of 1100 cm −1 is formed [11, 13, 14] . Nano-granular Pt(C) consists of fcc-Pt crystallites of 1.5-5 nm diameter embedded in an amorphous carbon matrix. Pt(C) grown by FEBID has shown to provide a model system for studying charge transport effects in nano-granular metals with tunable inter-grain coupling strength [15, 16] . In a nano-granular metal charge transport occurs via inelastic tunneling between the metallic grains. Due to the very small size of the individual Pt crystallites, this charge transport is governed by the charging energy E C associated with each tunnel event. It is this charging energy which is very sensitive to the dielectric properties of neighboring dielectric layers. As a consequence, the onset of the FE state associated with a pronounced increase of the dielectric constant ε r (T ) of TTF-CA can be detected as a very pronounced change in the temperature-dependent conductance of the nano-granular metal. We provide a theoretical framework to understand the observed conductance changes 
II. RESULTS
We begin by presenting our results for polycrystalline TTF-CA films of several micrometer thickness. By employing interdigitized electrode structures, and thus strongly increasing the effective thin film cross section, the conductance was sufficiently large to follow the onset of the FE state by the associated conductance anomaly of TTF-CA itself, as is shown in the main panel of Fig. 1 . We were able to follow the conductance down to about 45 K below which the film resistance became larger than the isolation resistance of our setup. In parallel,
we could qualitatively monitor the dielectric properties of TTF-CA by the change of the capacitance of the interdigitized electrode structure with TTF-CA coverage in the vicinity of the phase transition, as shown in the inset of Fig. 1 . As is evident, the phase transition occurs at 81 K accompanied by a strong increase of the conductance and capacitance. This behavior is also typical for bulk crystals. However, for thin films to exhibit clamping effects layer thicknesses in the 100 nm range and below are necessary. For such thin layers direct conductance measurements are extremely demanding or even impossible. This becomes apparent, if one compares the resistance values of about 440 MΩ at the phase transition rapidly growing to several ten GΩ at lower temperatures even for the several micrometer thick TTF-CA thin film on an optimized electrode structure as shown in Fig. 1a) . Moreover, the additional charge carriers injected into the FE will disturb the charge carrier dynamics intrinsic to the FE itself. For TTF-CA, in particular, it is charged domain boundaries governed by a unique soliton dynamics which are mostly responsible for the charge transport properties [17] . In order to be able to study both, clamping effects and the intrinsic dynamics of the FE we introduce a different approach.
By careful growth studies we were able to find conditions for a controlled growth of polycrystalline TTF-CA thin films in the several 10 nm-range. In Fig. 2 The rather large dielectric constant ε up to and larger than 500 at the PE-FE transition the charging energy renormalization becomes saturated over a wide temperature range which hinders the observability of a peak structure at the phase transition. In the next section we present a rationale for these conclusions.
III. DISCUSSION
In the following we will first briefly compile the most relevant dielectric properties of TTF-CA bulk crystals for reference purposes. Next, some important recent results on the temperature-dependent conductivity of nano-granular metals will be presented. This provides the basis for the main part of this section which is devoted to the modeling of the influence of the dielectric properties of the substrate/nano-granular/PE-FE trilayer system.
We conclude this section by a preliminary discussion of possible reasons for the observed reduction of the Curie temperature from 81 K to 56 K.
For bulk single crystals of TTF-CA the PE-FE phase transition sets in at 81 K and influences the dielectric and electric properties over an extended temperature range down to about 50 K. This is assumed to be the consequence of an extended coexistence region of the PE and FE phase [18] . The dielectric response at the Curie point is highly anisotropic both, with ε r reaching values up to and above 500 for an electric field along the a-axis and about 50 along the c * -axis at the phase transition. This is schematically indicated in the inset of the main panel of Fig. 4 . Due to the highly anisotropic electronic structure in TTF-CA the electrons are mostly confined to 1D mixed-stack chains. Consequently, the PE-FE phase transition has the character of a Peierls-like instability and is associated with a dimerization of the D/A-pairs, as is indicated in the right panel of Fig. 1 . In the ionic phase two energetically degenerate dimerization patterns coexist. This degeneracy occurs because the additional charge transfer at the PE-FE transition can occur equally likely towards the positive or negative stacking axis direction. The boundaries between the degenerate FE domains have soliton character and they occur as either spin-carrying or spinless solitons.
Both have fractional charges but of opposite sign. For further details we refer to [17] . Here, it is important to note that the soliton dynamics is directly reflected in TTF-CA on the local scale and can thus cause a local, time-dependent modulation of the charging energy in the underlying nano-granular Pt(C) microstrip. This will be relevant for understanding the apparent conductance noise in the Pt(C) microstrips observed in proximity of the PE-FE phase transition.
Charge transport in nano-granular metals represents a very challenging problem within the topical regime of correlated electron systems. This is due to the complex interplay of Coulomb interaction, disorder and finite size effects. Only very recently, significant new theoretical insight could be gained in the limits of weak, g 1, and strong, g 1, intergrain tunnel coupling strength (see [19] for a recent review) which has been experimentally confirmed (see, e.g., [16] ). Here g is given in units of the quantum conductance G = 2e 2 /h.
Within the weak-coupling regime, of relevance here, the dominant transport mechanism is based on a variable-range type hopping (VRH) which takes Coulomb interactions into account. In more detail, as an electron tunnel event between neighboring grains occurs an associated charging energy E C = e 2 /2C (C: capacitance of a grain in the effective surrounding nano-granular medium) has to be overcome. As the temperature is reduced, however, correlated tunneling of more than one electron can occur and sequential inelastic co-tunneling becomes the dominating transport channel. This leads to the following conductivity vs.
temperature behavior [19] 
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whereby a weakly temperature-dependent attenuation length ξ(T ) of the electronic wave function is introduced. Here it is important to note that the activation temperature T 0 depends on two accounts on the dielectric constant experienced by the embedded metallic grain. First, T 0 is inversely proportional to the effective dielectric constant ε r of the matrix in which the grain is embedded. Second, ξ depends also on the effective dielectric constant by way of its dependence on the charging energy [19] 
where D denotes the grain diameter. For a spherical grain the capacitance is C = 2πε 0 ε r D,
so that E C is also inversely proportional to ε r .
We now proceed to presenting a modeling approach that contains the essential aspects on a mean-field level for describing the observed conductance anomalies of the Pt(C) microstrips with TTF-CA top layer. The key point in the modeling approach lies in the modification of the effective dielectric constant experienced by the metallic grains at various distances to the Pt(C)/TTF-CA interface. We proceed in two steps. In the first step, the Coulomb potential at a given point r created by a point charge at position r in the second layer of a trilayer heterostructure (see schematics in Fig. 4 ) is calculated. This can be accomplished by an repeated image charge method leading to an expression for the Coulomb potential e/4πε 0 ε r (r)r. In the second step, the capacitance of a sphere in the second layer can be obtained by the source point collocation method which uses the fact that the surface of a metallic sphere is an equipotential surface. On n different positions, corresponding to the sphere surface, collocation points are defined. On these the same potential V is enforced. The capacitance is then obtained via C = n i=1 Q i /V . For details of this procedure we refer to a different publication [21] .
In Fig. 4 (right) we show exemplary results for the charging energy E C (z) = e 2 /2C(z) as a function of the distance from the Pt(C)/TTF-CA interface assuming different dielectric constants for the TTF-CA layer as indicated. Two trends are apparent. First, strong renormalization effects due to the proximity to the high-dielectric layer are confined to the near-interface region with a penetration depth of about 20 nm. Second, for ε T T F −CA r larger than about 100 the renormalization tends to saturate.
We now use the results for C(z) = 2πε 0 ε r (z)D to calculate the expected qualitative temperature dependence of the conductance of the Pt(C) microstrips. For this we rely on a parallel-circuit model for the nano-granular metal. We assume that it consists of equidistant layers of regularly arranged spheres of equal diameter, as is schematically indicated in Fig. 4 .
We use the respective z-dependent values of the capacitance and dielectric constant to obtain the respective layer conductances {σ(T ; z i )} and obtain the overall conductance by summation: σ(T ) = i σ(T ; z i ). In Fig. 4 (main panel) the results are shown for a 10 nm and a 20 nm thick nano-granular metal layer assuming different orientations of the TTF-CA top layer as indicated in the plot. Before we proceed we note that the parallel circuit is highly simplifying, since it is only directly applicable for diffusive charge transport. Here, due to the disordered nature of the Pt(C) nano-granular layer, a tunnel-percolative transport that minimizes the overall electrostatic energy may be assumed [22] . However, so far no theory was developed that would take both, the percolative nature and the correlated co-tunneling scenario into account. We assume that the effect of charging energy renormalization due to the TTF-CA layer will be qualitatively well described by our approach as long as the thickness of the nano-granular metal layer does not significantly exceed the screening length of about 20 nm in the present case.
We now briefly describe the main findings from these simulations. For the 20 nm thick nano-granular metal we find a peak-like anomaly in the temperature-dependent conductance at the PE-FE phase transition of the TTF-CA top layer at 56 K, if we assume that TTF-CA has its stacking axis in-plane, as in the c * -orientation (blue curve in Fig. 4 , g = 0.01). is already above 50 before and after the phase 9 transition, rising to several 100 at the Curie temperature, the conductance modulation peak at T C is completely smeared out. This same observation is made assuming a 10 nm thick nano-granular metal layer. Here we show in Fig. 4a (red curve) the result of a model calculation assuming a-axis orientation of the TTF-CA top layer with a maximum of the dielectric constant of 500 at the Curie temperature. As is apparent, besides an overall damping of the thermally activated behavior, no peak structure is visible in the conductance. We complete the modeling by showing the influence of an increased inter-granular coupling strength.
For the 20 nm thick nano-granular metal the green curve in Fig. 4a shows the conductance behavior for g = 0.1 with TTF-CA being in the c * -orientation. Assuming two different inter-granular coupling strength, namely g = 0.01 and g = 0.1, we can rather well reproduce the experimentally observed conductance anomalies for the 20 nm and 100 nm layer in and post-growth electron irradiated Pt(C) layer (20 nm), we assume an increase of the grain diameter from 1.5 nm to 3.0 nm, as this is experimentally observed [23] . Further comparing the simulated conductance behavior with the experimental results we conclude that for the 20 nm and 100 nm thick Pt(C) microstrips the TTF-CA top layers are at least partly formed by growth domains with their stacking axis in-plane (such as in c * -orientation) which leads to a conductance peak at T C , whereas for the 10 nm Pt(C) microstrip the TTF-CA growth domains have solely a-axis orientation and thus only show an overall enhanced conductance in the whole temperature range. We do not believe that differing growth preferences exist for TTF-CA on 10 nm or 20 nm thick Pt(C) microstrips, but rather attribute this to the accidental orientation of the respective growth domains of the polycrystalline TTF-CA layer covering the respective microstrips.
We conclude this part with a brief remark concerning the noisy character of the data in the phase transition region. Due to the fact that a rather small set of TTF-CA growth domains is covering the Pt(C) microstrip the conductance modulations are not subject to a pronounced averaging effect. As a consequence, the charging energy renormalization acquires a time dependence which stems from charge fluctuations in the TTF-CA FE domains as the domain walls move by thermal activation. Also, if an extended PE-FE coexistence region is also assumed to occur in the clamped TTF-CA layers, any time-dependence in the spatial arrangement of the PE and FE phase volumes will be reflected in the nano-granular metals'
conductance. We therefore argue that the Pt(C) microstrips, in particular if further scaled down to the diameter of a typical TTF-CA growth domain, represents a very sensitive and non-invasive probe of the time-dependent dielectric properties of the FE (and PE) layer.
An important observation from our experiments is that the apparent phase transition temperature is shifted by 25 K from 81 K to about 56 K. We would like to present some arguments that this is due to the clamping effect in the following way. From the known temperature-dependent thermal expansion coefficient of Si (bulk of the substrate material) [24] and TTF-CA [25] we calculate the thermally-induced clamping strain assuming full clamping as the heterostructure is cooled from the growth temperature (193 K) to 81 K.
Depending on the orientation of the respective TTF-CA growth domain this leads to strain values of 0.2 % to 1.0 %, with the larger strain value corresponding to an orientation for which the stack axis lies in the substrate plane. The associated stress values can only be estimated from the bulk modulus of TTF-CA [26] , since no measurements of the temperaturedependent elastic constants of TTF-CA are known to us. From this we estimate stress levels of 14 MPa to 69 MPa. We now use results for the hydrostatic pressure dependence of the Curie temperature of TTF-CA obtained for single crystals [27] . From these measurements we deduce an almost linear pressure dependence of dT C /dP = 0.34 K/MPa in the relevant temperature range from 80 K to about 200 K. If we use this tentatively for the biaxially clamped TTF-CA thin layers under tensile strain we expect a Curie temperature shift of 5 K to 23 K, with the large value for the c * -axis orientation. This analysis is hindered by the non-availability of reference data for the anisotropic elastic constants of TTF-CA and the lack of independent data concerning the influence of biaxial strain on the phase transition temperature. Nevertheless, in conjunction with the model calculation that suggests a predominant c * -axis orientation for the samples which exhibit a pronounced peak at 56 K in the Pt(C) conductance data, our estimate of the T C shift of 23 K is amazingly close to the observed shift. We therefore suppose that it is indeed the clamping effect that is responsible for the reduced Curie temperature. Nevertheless, at this point we would also like to comment on possible implications of size effects on the transition. Among the factors that contribute to the thickness-dependence of the ferroelectric instability in thin films are the depolarizing field, only relevant for perpendicular polarization, and the growing importance of the surfaces and interfaces as the thickness is reduced [2] . As has been discussed before, we attribute the peak-like anomaly in the conductance curves of the Pt(C) microstrips to those regions which are below TTF-CA growth domains with in-plane orientation of the stacking axis, i.e. with in-plane polarization. From this we would assume that depolarization effects are not important. Concerning the influence of the surface and interface we point out that a film thickness of 50 nm corresponds to almost seventy unit cells of TTF-CA (in stacking direction) which renders unlikely any influence of the film thickness in this range on the ferroelectric properties.
IV. CONCLUSION
In this work we suggest a size-scalable heterostructure consisting of a nano-granular metal and a ferroelectric layer in which the nano-granular metal acts as a sensitive and noninvasive probe of the (time-dependent) dielectric properties of the ferroelectric layer. As a consequence of the fabrication technique for the nano-granular metal, focused electron beam induced deposition, the probing structure can be scaled-down to the size of a single growth domain of the ferroelectric layer. With proper design of the probing structure this does also allow for studying the spatial distribution of the dielectric properties. Based on the writing capabilities of FEBID and the typical grain size of 1.5 nm to 5 nm for the nano-granular metal, we expect similar performance of the probing structure as described here down to probing areas of 20 nm to 30 nm. We have shown this probing effect for the organic FE TTF-CA as a case study and found, as an additional important observation, that clamping can be very efficient in tuning the phase transition temperature for TTF-CA. However, our approach should also be applicable to inorganic ferroelectrics and, in particular, also for a reversed order of the layer structure with the nano-granular metal deposited on the top of a preformed, and possibly epitaxial, ferroelectric layer. We conclude by remarking on the observed saturation effect in the charging energy renormalization for dielectric constants significantly above 100. In this case, an even more sensitive probe structure can be envisioned, consisting of a dense array of isolated metallic nano-dot structures between which the ferroelectric (or any other dielectric material) is filled-in as matrix material. Work along these lines is in progress.
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V. METHODS
As substrate material we used n-doped (100)-oriented Si with a thermally grown amor- For the TTF-CA thin film growth we employed a custom-build molecular beam deposition system with a base pressure of 5 × 10 −7 mbar. The TTF-CA thin films were grown by single-source evaporation of stoichiometrically mixed proportions of TTF and CA crystallites at 366 K effusion cell temperature using a quartz liner. The growth rate was set to approximately 0.8 nm/s for the 50 nm layers. The source materials were used as supplied (Alfa Aesar, purity ≥ 97 %). In several preparatory experiments we found that the sticking coefficients of TTF and CA for different substrate materials (SiO 2 , NaCl (100), sapphire)
held at room temperature is extremely low, so that stable thin film growth conditions could 13 not be achieved. In stepwise reduction of the substrate temperature down to about 190 K with liquid nitrogen cooling we determined the temperature-dependent sticking coefficients of TTF and CA and set the substrate temperature for the TTF-CA thin film growth to 193 K. A more detailed account of the growth characteristics of TTF-CA thin films will be given in a separate publication. The asterisks mark an impurity phase which we identified as the insulating black polymorph of TTF-CA [20] .
